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Abstract 26 
1998-2016 ozone trends in the lower stratosphere (LS) are examined using the Modern-Era 27 
Retrospective Analysis for Research and Applications Version 2 (MERRA-2) and related NASA 28 
products. After removing biases resulting from step-changes in the MERRA-2 ozone observations, 29 
a discernible negative trend of -1.67±0.54 Dobson units per decade (DU/decade) is found in the 30 
10-km layer above the tropopause between 20°N and 60°N. A weaker but statistically significant 31 
trend of -1.17±0.33 DU/decade exists between 50°S and 20°S. In the Tropics, a positive trend is 32 
seen in a 5-km layer above the tropopause. Analysis of an idealized tracer in a model simulation 33 
constrained by MERRA-2 meteorological fields provides strong evidence that these trends are 34 
driven by enhanced isentropic transport between the tropical (20°S–20°N) and extratropical LS in 35 
the past two decades. This is the first time that a reanalysis dataset has been used to detect and 36 
attribute trends in lower stratospheric ozone.   37 

Plain Language Summary 38 
Stratospheric ozone shields the biosphere from harmful ultraviolet radiation and affects the Earth’s 39 
radiative budget. Observational data show evidence that concentrations of ozone in the upper 40 
stratosphere have increased in the last 15 years. This is an expected result of the implementation 41 
of the Montreal Protocol and its amendments banning emissions of ozone depleting substances 42 
into the atmosphere. The evolution of stratospheric ozone is also impacted by climate change 43 
through its dependence on temperature and circulation, which can be different at different altitudes. 44 
These effects are less well understood. This study uses NASA’s data and computer models to 45 
analyze the long-term changes in ozone since 1998. It is shown that the increase in the upper-46 
stratospheric ozone has been partially offset by a small but discernible decline of ozone 47 
concentrations in the lowermost stratosphere, in qualitative agreement with one recent study. A 48 
chemistry model simulation forced by meteorological data provides strong evidence that the 49 
primary mechanism driving this negative trend is an intensification of transport of ozone-poor air 50 
from the tropics into the extratropics, indicative of a systematic change in the lower-stratospheric 51 
circulation between 1998 and 2016. 52 
 53 
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1. Introduction 72 
The projected decadal-scale evolution of stratospheric ozone in the 21st century results from an 73 
interplay between human-induced changes in both atmospheric composition and the circulation 74 
(WMO, 2014). There is already observational evidence of a positive trend (between about 2000 75 
and 2015) in upper stratospheric ozone. While this is consistent with model projections (Eyring et 76 
al., 2010; Oman et al., 2010), and attributed to both decreases in ozone depleting substance (ODS) 77 
concentrations and cooling caused by increased greenhouse gases, the estimated trends vary in 78 
magnitude and statistical significance (Bourassa et al., 2014, WMO 2014, Harris et al., 2015, Ball 79 
et al., 2017, Sofieva et al., 2017, Steinbrecht et al., 2017).  No significant signal of ozone recovery 80 
was found in the lower stratosphere (LS) (WMO 2014). Despite the ODS decreases since 1998, 81 
Randel and Thompson (2011) found a negative trend in ozonesonde and satellite ozone data in the 82 
tropical LS between 1984 and 2005, which they attributed to increases in upwelling. Using merged 83 
and drift-corrected satellite data, Bourassa et al (2014; 2018) reported negative trends in post-1997 84 
ozone at and below 20 km between 40°S and 40°N. Sofieva et al. (2017) and Steinbrecht et al. 85 
(2017) also found evidence for declining ozone in the lowermost stratosphere, although there are 86 
large uncertainties in these trends. Ball et al. (2018) identified a statistically significant decline of 87 
LS ozone between 60°S and 60°N between 1998 and 2016. Using dynamical linear regression, 88 
they found a negative change of approximately 2 Dobson units (DU) in ozone partial column 89 
between the tropopause and 24 km. This decrease more than offsets the positive trend in the upper 90 
stratosphere, leading to a continuing decline of the stratospheric ozone column.  91 
 92 
The present study isolates the LS ozone trends in the Modern-Era Retrospective analysis for 93 
Research and Applications, Version 2 (MERRA-2: Gelaro et al., 2017) and related assimilated 94 
products. Additionally, a chemical model simulation driven by MERRA-2 is used to link these 95 
trends to decadal-scale changes in stratospheric transport. As MERRA-2 assimilates data from 96 
Solar Backscatter Ultraviolet (SBUV) radiometers and the Microwave Limb Sounder (MLS: 97 
Waters et al., 2006; Froidevaux et al., 2008), it is not entirely independent from other (cited) trend 98 
analyses, which also utilize merged satellite data including SBUV and MLS. However, the 99 
application of data assimilation methodology allows a relatively high vertical resolution of the 100 
reanalysis product and facilitates interpretation of the ozone behavior in terms of variability and 101 
trends in the atmospheric circulation, provided that biases resulting from step-changes in its 102 
observing system are removed. While some recent studies assessed trends in total column ozone 103 
in reanalyses (Bai et al., 2017, de Laat et al., 2017) the use of a bias-corrected reanalysis to derive 104 
vertically resolved ozone trends in the LS in the context of transport patterns is a novel part of this 105 
work.  106 
 107 
This analysis spans the latitudes between 60°S and 60°N broadly divided into the Tropics (20°S–108 
20°N) and the extratropics (60°S–20°S and 20°N–60°N). The LS is defined as the 10-km layer 109 
immediately above the tropopause, which corresponds to an upper boundary of approximately 50 110 
hPa in the extratropics. In light of the results presented below, this definition allows a clear 111 
separation between different ozone trend regimes, although it differs from that of Ball et al. (2018) 112 
who consider the layer between 147 hPa and 32 hPa in the extratropics and between 100 hPa and 113 
32 hPa in the Tropics. 114 
 115 
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Section 2 describes the data and methodology. The trend calculations are presented in Section 3. 116 
Section 4 is devoted to an analysis of tracer transport in the LS. A discussion of the findings is 117 
presented with the conclusions in Section 5. 118 
 119 
2. Data and Methods 120 
 121 
2.1. The GEOS Products 122 
MERRA-2 (Gelaro et al., 2017; Bosilovich et al., 2015) is a global atmospheric reanalysis 123 
spanning the period from 1980 to (presently) 2018. It uses the Goddard Earth Observing System 124 
(GEOS) Version 5 general circulation model (e.g., Molod et al., 2015) and the Gridpoint Statistical 125 
Interpolation (GSI) scheme that performs three-dimensional variational assimilation of 126 
observations (Wu et al., 2002; Kleist et al., 2009). The reanalysis is done on a 0.5°×0.625° 127 
latitude/longitude grid on 72 layers between the surface and 0.01 hPa. The vertical resolution in 128 
the upper troposphere (UT) and LS is about 1.1 km.  129 

The MERRA-2 ozone products are described and evaluated in Wargan et al. (2017), McCarty et 130 
al. (2016) and Davis et al. (2017). MERRA-2 assimilates partial column ozone from a series of 131 
SBUV instruments between 1980 and September 2004. After September 2004, SBUV data are 132 
replaced by total ozone observations from the Ozone Monitoring Instrument (OMI: Levelt et al., 133 
2006) and stratospheric ozone profiles from MLS onboard NASA’s Aura satellite. This abrupt 134 
change from SBUV to Aura data needs to be taken into account when deriving long-term ozone 135 
changes from MERRA-2. Other discontinuities are a change from version 2.2 to 4.2 of MLS data 136 
in June 2015, the turning off of the lowest assimilated MLS level (261 hPa) in May 2016 and step-137 
changes in the assimilated radiance data. Wargan et al. (2017) found a very good agreement 138 
between MERRA-2 ozone and ozonesonde observations in the UT and LS; in particular, there is 139 
an accurate representation of the cross-tropopause ozone gradients and variability on daily-to-140 
interannual time scales. This study uses three-hourly MERRA-2 ozone, temperature, height and 141 
potential vorticity output on native model levels (GMAO, 2015a) and monthly averaged ozone 142 
fields on pressure levels (GMAO, 2015b). 143 
 144 
The GEOS-RPIT (Reprocessing for Instrument Teams) is a GMAO product that is generated using 145 
the MERRA-2 system, but which does not assimilate MLS ozone observations.  GEOS-RPIT uses 146 
OMI total column ozone from October 2004 but assimilates the Version 8.6 SBUV ozone until 147 
December 2010 and switches to the older version 8.0 afterwards. Other differences from MERRA-148 
2, including the sea surface temperature boundary conditions, have negligible impact on the ozone 149 
fields. The absence of high-vertical-resolution MLS data reduces the discontinuity arising from 150 
the introduction of Aura data in MERRA-2. Therefore, using GEOS-RPIT and MERRA-2 together 151 
increases the confidence in any results that pertain to long-term LS ozone changes. Since GEOS-152 
RPIT and MERRA-2 ozone fields are almost the same before 1 October 2004 this study fills in the 153 
period before that date with the MERRA-2 ozone analyses (hereafter, this MERRA-2–GEOS-154 
RPIT blend is referred to simply as GEOS-RPIT). 155 
 156 
The MERRA-2 Global Modeling Initiative (M2-GMI) is a GEOS simulation that is constrained 157 
with MERRA-2 meteorological fields (but not by MERRA-2 ozone) and uses the GMI chemical 158 
mechanism (Douglass et al., 2004; Nielsen et al., 2017).  It uses the “replay” methodology, where 159 
increments are calculated from the assimilated horizontal winds, temperature and pressure and 160 
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applied as a forcing to the meteorology at every model time step (Bloom et al., 1996, Orbe et al., 161 
2017). As demonstrated by Orbe et al. (2017), this method of constraining the model’s large-scale 162 
flow produces realistic stratospheric mean ages and vertical transport properties in the 163 
Tropics.  Several idealized tracers were also included in the simulation, including an “e90” tracer 164 
(Prather et al., 2011) that is emitted globally at the surface and decays exponentially at a rate of 165 
90-1 days-1 throughout the entire atmosphere.  166 
 167 
Hereafter, the MERRA-2, M2-GMI and GEOS-RPIT datasets are referred to collectively as the 168 
“GEOS products”. 169 
 170 
2.2. Ozonesondes  171 
Data from electrochemical concentration cell ozonesondes are used from three locations: Trinidad 172 
Head, California (124.2°W, 41.1°N), Boulder, Colorado (105.2°W, 40°N) and Pago Pago, 173 
American Samoa (170.7°W, 14.3°S). This limited selection is motivated by the need to use data 174 
records suitable for trend analyses and located in the regions of interest. Ozonesonde data do not 175 
always meet that criterion owing to changes in sensing solutions and sonde types (Hubert et al., 176 
2016; Thompson et al., 2017; Witte et al., 2017). The data used here (Sterling et al., 2017) were 177 
recently reprocessed with the “SkySonde” algorithm to correct for these changes. In particular, 178 
these homogenized ozonesonde records are suitable for studies of ozone changes on multidecadal 179 
time scales. One-sigma average uncertainty for these data is estimated at ±4–6% in the stratosphere 180 
and ±5–20% in the troposphere for individual soundings (Sterling et al., 2017). 181 
 182 
2.3. Vertical Coordinates 183 
Ozone trends have been computed in both absolute pressure and tropopause-relative (TR) 184 
coordinates. Pressure-level calculations were done on eight levels between 350 and 50 hPa for 185 
MERRA-2 and GEOS-RPIT and 10 levels for M2-GMI.  For the TR coordinates, fields were 186 
remapped from the native GEOS grid as follows. At each grid point, the tropopause was calculated 187 
from the MERRA-2 meteorological fields on the native model layers. The tropopause was defined 188 
as the 2-potential vorticity unit (1 PVU = 10-6 K kg-1 m2 s-1) isopleth or the 380-K potential 189 
temperature surface, whichever had the lower altitude. Ozone and e90 profiles were then 190 
interpolated from the model grid to the TR coordinate with 1 km vertical spacing, prior to zonal 191 
averaging.   192 
 193 
2.4. Multiple linear regression 194 
Trends were derived using the multiple linear regression (MLR) model from Stolarski et al. (1991): 195 
 196 
(1)  197 
𝑦(t) = 	𝛼((t) + 𝛼*(t)t + 𝛼+(t)QBO*(t) + 𝛼/(t)QBO+(t) + 𝛼0(t)𝑅𝐹*(.4(t) + 𝛼5(t)MEI(t)198 

+ 𝛼9(t)AERO(t) + ϵ(t) 199 
 200 
where y(t) denotes the variable of interest, t stands for time in months and each of the coefficients, 201 
α = α1, α2, …, α6, is the sum of a constant and the first two seasonal harmonics: 202 

α(t) = c +?aAcos
2kπt
12 + bAsin

2kπt
12

+

AK*

 203 
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The proxies are the first two principal components of the Quasi-Biennial Oscillation (QBO1 and 204 
QBO2: Wallace et al., 1993) computed using winds from the Singapore radiosonde data (Naujokat, 205 
1986), the 10.7 cm solar radio flux (RF10.7: National Research Council Canada), latitude-resolved 206 
aerosol optical depth at 550 nm (AERO: Thomason et al., 2018) and Multivariate ENSO Index 207 
(MEI: Wolter and Timlin, 1998). A sensitivity test with Mg doublet index (280 nm) from the 208 
University of Bremen replacing RF10.7 yielded almost exactly the same MERRA-2 ozone trends. 209 
The residual is denoted by ϵ(t). The coefficient 𝛼* takes 12 values representing trends for each 210 
month of the year. In most cases, annually averaged trends are discussed. Statistical significance 211 
was assessed at the 2-sigma level assuming a first-order, auto-regressive model for the residuals 212 
(Weatherhead et al., 1998).  213 
 214 
Cross-correlations between the proxies used in Equation (1) and a linear trend are less than 0.3 215 
except for the RF10.7 (correlation of -0.4) and AERO, which exhibits a latitude-dependent correlation 216 
from 0.4 in the northern extratropics to 0.75 south of 55°S.  217 
 218 
 219 
2.5. Bias correction 220 
Step changes in MERRA-2 and GEOS-RPIT ozone were corrected by using a transfer function 221 
approach similar to Hegglin et al. (2014). This methodology exploits the absence of major 222 
discontinuities in M2-GMI allowing it to serve as a common baseline, against which 223 
discontinuities in the assimilated datasets were computed and removed. These corrections were 224 
applied to the step changes in the ozone observing systems in MERRA-2 and GEOS-RPIT 225 
delineated in Section 2.1. The period between June 2015 and April 2016, when MERRA-2 226 
assimilated MLS ozone at the 261 hPa level, was excluded from the MERRA-2 ozone trend 227 
calculations. Details of the bias correction procedure are provided in the supporting information. 228 
 229 
Changes in the meteorological observing system used in MERRA-2 can also have an effect on 230 
ozone, including in M2-GMI. Long et al. (2017) demonstrated that reanalysis stratospheric 231 
temperatures were most affected by the introduction of the Advanced Microwave Sounding Unit 232 
radiances in 1998. This study exclusively focuses on the period 1998-2016 to minimize that effect. 233 
Additional discussion of the potential impact of the observing system changes is presented in 234 
Section 5. 235 
 236 
  237 
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3. Results:  Ozone trends in the LS 238 
Figure 1 shows the time series of annually averaged ozone anomalies from ozonesondes, MERRA-239 
2, GEOS-RPIT and M2-GMI at three ozonesonde locations at 70 hPa, 100 hPa, and 200 hPa, 240 
except for the tropical location, Pago Pago for which the 200-hPa result is not shown as it lies 241 
deeply in the troposphere, where the reanalysis quality is degraded (Wargan et al. 2017). All three 242 
GEOS products capture the interannual variability seen in the sonde data, with MERRA-2 and 243 
M2GMI agreeing better with the sondes than GEOS-RPIT (Figure 1); the coefficient of 244 
determination, r2, ranges for MERRA-2 from 0.42 to 0.95, for M2GMI from 0.62 to 0.93, and for 245 
GEOS-RPIT from 0.14 to 0.85. The least-squares linear fit to the data has a negative slope at all 246 
three levels for Trinidad Head and Boulder, with GEOS-RPIT producing steeper slopes than 247 
MERRA-2 and the ozonesondes at the two upper levels.  At the tropical site Pago Pago the 248 
ozonesonde and MERRA-2 and M2GMI at 70 hPa slopes are positive. We emphasize the different 249 
signs of the slopes between the tropical (positive) and extratropical (negative) locations at 70 hPa 250 
(Figure 1a-c). At 100 hPa all the slopes are close to zero but the agreement between the GEOS 251 
products and the ozonesondes is very good. Except for Boulder at 100 hPa, the slopes calculated 252 
from the sonde data are not significantly different from zero at the 2-sigma level. As a result of 253 
bias correction, no discernible jumps are seen in MERRA-2 or GEOS-RPIT compared to the 254 
sondes. Together with the findings of Wargan et al. (2017) these results provide confidence in the 255 
representation of LS ozone in MERRA-2 and, to some extent, in the other two GEOS products. 256 
 257 

 258 
 259 

Figure 1. Time series of annual ozone anomalies at Trinidad Head (a, d, g), Boulder (b, e, h) and 260 
Pago Pago (c, f) at 70 hPa (a, b, c), 100 hPa (d, e, f) and 200 hPa (g, h) from ozonesondes (black), 261 
bias-corrected MERRA-2 (blue), M2-GMI (red) and bias-corrected GEOS-RPIT (yellow). The 262 
anomalies for each data set are calculated by subtracting the average of that data set. The 263 
corresponding least-squares fit lines are dashed and the R2 values are shown in each panel. 264 
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 265 

 266 
 267 
 268 

Figure 2. (a-c): Zonally and annually averaged ozone trends as a function of latitude and height 269 
above the tropopause derived from (a) MERRA-2, (b) GEOS-RPIT and (c) M2-GMI using multiple 270 
linear regression (colors). Averaged ozone in DU km-1 is shown as contours. Locations where the 271 
trend is not significant at the 2-sigma level are marked by ‘X’. (d-e): Time series of deseasonalized 272 
partial column ozone from MERRA-2 between 0.5 km and 9.5 km above the tropopause (black) 273 
averaged between (d) 50°S – 20°S and (e) 20°N – 60°N (within the white boxes in panel a).  The 274 
magenta curves show ozone reconstructed from the MLR coefficients and the trends averaged over 275 
the same latitude bands are shown in red. 276 
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 277 
Annually averaged MLR trends between 60°S and 60°N are shown in DU decade-1 in TR 278 
coordinates in Figure 2. MERRA-2, GEOS-RPIT and M2-GMI show similar patterns of ozone 279 
trends in the stratosphere.  The positive trend in the middle stratosphere is consistent with the 280 
decreasing stratospheric ODS loading (WMO, 2014). Regions of statistically significant negative 281 
trends are evident in the extratropics in the LS in the southern and northern hemispheres (SH and 282 
NH, respectively). In the Tropics, the GEOS products show a positive trend in the 0–5 km TR 283 
layer below and a negative trend in the 5–10 km layer.  284 
 285 
Time series are shown (Fig. 2d, e) of MERRA-2 ozone partial column anomalies with the MLR 286 
term 𝛼((t)  removed, summed for the layer between 0.5 and 9.5 km above the tropopause and 287 
averaged in the two latitude bands 50°S–20°S and 20°N–60°N (arithmetic average with no 288 
weighting). Also shown are the corresponding ozone time series reconstructed from the MLR, 289 
demonstrating that the regression model realistically captures the interannual variability. Despite 290 
the large variability, there are significant trends of -1.17±0.33 DU decade-1 (-1.5±0.4%) in the SH 291 
and -1.67±0.54 DU decade-1 (-1.8±0.6%) in the NH. The two-sigma trend uncertainties are derived 292 
from the MLR using ozone averaged within each region and corrected for autocorrelation. They 293 
do not reflect uncertainties in the reanalysis itself or in the proxies. The GEOS-RPIT (M2-GMI) 294 
trends calculated for the same SH and NH regions are -1.2±0.35 (-1.62±0.48) DU decade-1, and -295 
2.33±0.47 (-2.81±0.67) DU decade-1, respectively. The MERRA-2 values are consistent with those 296 
of Ball et al. (2018) (expressed there as ozone change between 1998 and 2016, see their Fig. 2) 297 
and the GEOS-RPIT and M2-GMI trends are stronger, closer to the far negative tail of the 298 
distribution found by Ball et al. (2018). There is a partial cancellation between the LS and the 299 
positive trends above in MERRA-2, resulting in a stratospheric total-ozone trend pattern that is 300 
positive (2.56±0.52 DU decade-1) between 60°S and the Equator and slightly negative (-0.48±0.48 301 
DU decade-1, at the threshold of statistical significance) between the Equator and 60°N. The 302 
corresponding results for GEOS-RPIT (M2-GMI) are 1.79±0.51 DU (1.72±0.54 DU) south of the 303 
equator and -1.38±0.9 DU (-0.49±0.5 DU) north of the equator. All three GEOS products show an 304 
overall positive ozone trend in the stratosphere. These trends are computed as cosine-weighted 305 
averages over the appropriate latitude bands. Note that the linearity of these trends arises from 306 
assumptions in the MLR model and does not imply that the real-world mechanisms involved 307 
evolve linearly.  308 
 309 
Trend patterns from MERRA-2 exhibit some seasonal variability with the strongest negative trends 310 
in the extratropics occurring during winter (Fig. S2), implying that the mechanism responsible has 311 
some weak seasonal dependence.  312 
 313 
  314 
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4. Results: Tracer Transport 315 
This section presents an analysis of zonal-mean trends in ozone and e90, expressed as the change 316 
of their mixing ratios per decade. The mean gradients, in both the vertical distance above the 317 
tropopause and in latitude in each hemisphere, have opposite signs for ozone and e90.  318 
Consequently, transport-related trends in ozone and e90 are expected to have opposite signs in the 319 
LS.   320 

 321 
 322 

Figure 3. (a) 1998-2016 trend in zonally averaged MERRA-2 ozone mixing ratio (ppbv decade-1) 323 
(colors) and the mean ozone (contours; ppbv) as a function of latitude and pressure. (b) Trend in 324 
zonally averaged M2-GMI e90 (colors) and zonal mean e90 mixing ratio (contours) as a function 325 
of latitude and pressure. (c) e90 trend and mixing ratio calculated in the tropopause-relative 326 
vertical coordinate and remapped to pressure levels using the climatological MERRA-2 327 
tropopause. The tropopause is shown in magenta. Stippling in (a-c) indicates the regions where 328 
the trends are not significant at 95%. (d) MERRA-2 tropopause height trend as a function of 329 
latitude. The 2-sigma envelope is shown in light green. 330 
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 331 
Figure 3 shows the trends calculated for MERRA-2 ozone mixing ratio, e90 and the tropopause 332 
height. The ozone trend (Fig. 3a) is positive between 10°S and 10°N and negative in the 333 
extratropics between 45°S and 30°S and between 15°N and 60°N, and these results are significant 334 
over most of the NH and in a more confined region of the SH. The strongest negative trend of -27 335 
parts per billion per decade (ppbv decade-1) (-2.1%) is seen at 70 hPa between 20°N and 60°N. The 336 
trend pattern for e90 (Fig. 3b) is very similar to that for ozone, but with opposite sign: negative 337 
trends in ozone correspond to positive trends in e90 and vice versa. The NH trends are stronger 338 
and extend further poleward than the SH ones for both ozone and e90. Finally, the 350–150 hPa 339 
layer between 60°S and 40°S shows a positive ozone trend and negative e90 trend. Since changes 340 
in e90 are controlled solely by transport, those similarities strongly suggest that the LS ozone 341 
trends in MERRA-2 are also driven primarily by decadal-scale changes in the LS circulation.  342 
 343 
Abalos et al. (2017) showed that long-term changes in the zonal-mean LS tracer concentrations 344 
are highly sensitive to tropopause displacements. For example, for tracers with negative vertical 345 
gradients like e90, an upward shift in the tropopause will result in a positive tracer anomaly at a 346 
given pressure level, independent of other circulation changes.  In order to separate the effects of 347 
the tropopause movements from those induced by circulation changes, the e90 trends were 348 
calculated in the TR vertical coordinate and remapped to pressure levels using the climatological 349 
MERRA-2 tropopause (Fig. 3c). If the trend in e90 (or any other tracer) were entirely due to a 350 
tropopause shift, it would vanish when computed in TR coordinates. Trends in the tropopause 351 
height (Fig. 3d), along with their 2-sigma envelope, in conjunction with the e90 trends (Fig. 3b 352 
and 3c) show that the upward shift of the tropopause between 50°N and 60°N enhances the positive 353 
e90 trends in the pressure coordinate (compared to the TR coordinate) in the LS in this latitude 354 
band. Similarly, the upward displacement in the Tropics slightly reduces the negative e90 trend. 355 
Conversely, the downward shift in the SH extratropics reduces the positive trend there. The 356 
Tropics-extratropics contrast is enhanced and more symmetric with respect to the Equator in the 357 
TR coordinates. It follows that the ozone and e90 trends (Fig. 3c) are attributable mainly to changes 358 
in the large-scale circulation rather than tropopause displacements.   359 
 360 
This trend pattern, with tropical reductions and extratropical increases in e90 concentrations, is 361 
consistent with enhanced tropical-to-extratropical isentropic transport over the period 1998-2016. 362 
A similar conclusion can be drawn from the changes in another passive tracer (st80_25), that is set 363 
to a constant value at pressures lower than 80 hPa and subject to a uniform exponential decay rate 364 
of 25 days-1 below the tropopause, as described in Eyring et al. (2013). Consistent with enhanced 365 
quasi-horizontal isentropic transport, the trends in st80_25 are negative throughout the 366 
extratropical lower stratosphere (north of 50°S in SH), reflecting enhanced dilution of high st80_25 367 
extratropical air masses with low (tropical) values of st80_25 (Fig. S3). This mechanism is 368 
discussed further in Section 5.  369 
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5. Discussion and Conclusions 370 
There is a discernible trend in lower stratospheric ozone profiles in MERRA-2 over the period 371 
1998-2016 when ODSs are no longer increasing. MERRA-2 ozone exhibits a statistically 372 
significant negative trend of -1.17 DU decade-1 in a 10-km deep layer above the tropopause between 373 
50°S and 20°S and a stronger trend of -1.67 DU decade-1 between 20°N and 60°N in agreement 374 
with the findings in Ball et al. (2018). Similar (albeit up to 1.5 times stronger) trends are also 375 
detected in a MERRA-2-related ozone dataset – the GEOS-RPIT and in a MERRA-2 driven 376 
chemistry model simulation, M2-GMI. In the Tropics, the trend pattern consists of a dipole of 377 
increased ozone in the LS and decreased ozone in a shallower 5-km layer above the tropopause. 378 
While these long-term changes are modulated by decadal-scale changes in tropopause height, the 379 
ozone and passive tracer trends are evident in both tropopause relative and pressure coordinate 380 
systems.   381 
  382 
As shown by Birner and Bönisch (2011), large-scale transport between the Tropics and the 383 
extratropics in the LS is controlled by the shallow branch of the Brewer-Dobson circulation, which 384 
consists of mean advection by the residual circulation (RC) and two-way mixing by eddies (Plumb 385 
et al., 2002; Butchart, 2014), both driven by synoptic-scale wave breaking. The ozone (and e90) 386 
trend pattern seen in Fig. 3 is consistent with either a slowdown of the RC or an intensification of 387 
two-way mixing between the tropical and extratropical LS. A preliminary analysis of the RC in 388 
MERRA-2 (not shown) suggests there is an increase in downwelling in the extratropics and a 389 
slightly weakened upwelling in the Tropical LS. This explains the positive ozone trend in the 390 
Tropics but not the negative trend in the extratropics, which is, rather, more likely a reflection of 391 
enhanced two-way transport. Such an intensification of the shallow branch of the Brewer-Dobson 392 
Circulation in recent decades has been reported by Bönisch et al. (2011), Diallo et al. (2012), Ray 393 
et al. (2014) and Ploeger et al. (2015); it is consistent with projected circulation increases in 394 
response to future increases in greenhouse gases (Butchart et al., 2010) but may also be a transient 395 
phenomenon. The proposed mechanism is in accord with previous studies that have shown that 396 
effective diffusivity, a measure of the two-way mixing, increases in the LS over the recent decades 397 
(Ray et al. 2010, their Figure 7).  In particular, Ray et al. (2014) and Ploeger et al. (2015) find that 398 
changes in isentropic mixing have contributed to recent observed mean age trends in the LS. Most 399 
recently, Stiller et al. (2017) suggest that these changes are connected to a southward shift of the 400 
Brewer-Dobson circulation.  As such a shift may also imply changes in lower-stratospheric 401 
mixing, however, this finding is not necessarily inconsistent with the ones discussed in the earlier 402 
studies.  403 
 404 
The primary role of transport does not preclude a potential role of other factors, such as chemistry. 405 
However, at least in M2-GMI, the chemical ozone tendencies do not exhibit a statistically 406 
significant trend toward stronger depletion in the LS.  407 
 408 
While there are some overall similarities with the results of Ball et al. (2018), important 409 
quantitative differences exist. First, the negative trends found in the GEOS products in the 410 
extratropics are mainly confined to the layer between the tropopause and 50 hPa; in Ball et al 411 
(2018) they extend to about 30 hPa. Second, the approximately 5-km layer of positive trend in the 412 
Tropics seen in Figs. 2 and 3, which is absent in Ball et al. (2018), is consistent with both the 413 
behavior of e90 (Fig. 3) and ozonesonde data (Fig. 1). It is conceivable that this structure is 414 
captured by the relatively high vertical resolution of the GEOS products compared to that of the 415 
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merged satellite data sets.  Third, unlike Ball et al. (2018), the MERRA-2 analysis does not show 416 
evidence of an overall decline of stratospheric ozone: the trend is positive in the SH extratropics 417 
and only slightly negative (-0.66 DU decade-1) in the NH. Finally, Ball et al. (2018) noted that the 418 
negative ozone trends in the LS were not present in The Whole Atmosphere Community Climate 419 
Model simulations with specified dynamics from MERRA and MERRA-2, but the M2-GMI 420 
results do show this trend. These differences require further investigation. 421 
 422 
We note that changes in the MERRA-2 observing system, particularly in the assimilated radiance 423 
data that occur over the period of the reanalysis may have an impact on the long-term behavior of 424 
stratospheric transport patterns. This underscores the need for independent verification of changes 425 
in mixing, such as from in-situ observations of trace gases. 426 
  427 
To date, no other published work has used reanalysis ozone to study vertically resolved trends in 428 
the stratosphere. This study is intended as the first step towards comprehensive application of 429 
atmospheric reanalyses to investigations of long-term changes in ozone profiles in the context of 430 
stratospheric dynamics and chemistry in the changing climate.  431 
 432 
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Figure captions 706 
 707 
Figure 1. Time series of annual ozone anomalies at Trinidad Head (a, d, g), Boulder (b, e, h) and 708 
Pago Pago (c, f) at 70 hPa (a, b, c), 100 hPa (d, e, f) and 200 hPa (g, h) from ozonesondes (black), 709 
bias-corrected MERRA-2 (blue), M2-GMI (red) and bias-corrected GEOS-RPIT (yellow). The 710 
anomalies for each data set are calculated by subtracting the average of that data set. The 711 
corresponding least-squares fit lines are dashed and the R2 values are shown in each panel. 712 
 713 
Figure 2. (a-c): Zonally and annually averaged ozone trends as a function of latitude and height 714 
above the tropopause derived from (a) MERRA-2, (b) GEOS-RPIT and (c) M2-GMI using 715 
multiple linear regression (colors). Averaged ozone in DU km-1 is shown as contours. Locations 716 
where the trend is not significant at the 2-sigma level are marked by ‘X’. (d-e): Time series of 717 
deseasonalized partial column ozone from MERRA-2 between 0.5 km and 9.5 km above the 718 
tropopause (black) averaged between (d) 50°S – 20°S and (e) 20°N – 60°N (within the white boxes 719 
in panel a).  The magenta curves show ozone reconstructed from the MLR coefficients and the 720 
trends averaged over the same latitude bands are shown in red. 721 
 722 
Figure 3.  (a) 1998-2016 trend in zonally averaged MERRA-2 ozone mixing ratio (ppbv decade-1) 723 
(colors) and the mean ozone (contours; ppbv) as a function of latitude and pressure. (b) Trend in 724 
zonally averaged M2-GMI e90 (colors) and zonal mean e90 mixing ratio (contours) as a function 725 
of latitude and pressure. (c) e90 trend and mixing ratio calculated in the tropopause-relative vertical 726 
coordinate and remapped to pressure levels using the climatological MERRA-2 tropopause. The 727 
tropopause is shown in magenta. Stippling in (a-c) indicates the regions where the trends are not 728 
significant at 95%. (d) MERRA-2 tropopause height trend as a function of latitude. The 2-sigma 729 
envelope is shown in light green. 730 
 731 
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Details of the bias correction methodology 
 

 
Figure S1. Illustration of the MERRA-2 bias correction using M2-GMI as a transfer 
function. Plotted are deseasonalized ozone anomaly time series (a and b) and their 
differences with M2-GMI (c and d) at 70 hPa averaged between 20°S and 20°N (a and c) 
and between 20°N and 60°N (b and d). Uncorrected and bias corrected values are shown 
as yellow circles and purple lines, respectively. The shaded areas mark the periods of 
averaging (see text) and the vertical lines indicate the two changes in the ozone observing 
system. The average differences between the uncorrected MERRA-2 ozone and M2-GMI 
are shown in orange. The intervals separating the orange lines in the vertical is the bias 
that the algorithm subtracts from uncorrected MERRA-2. 
 
For each discontinuity, the monthly differences (reanalysis minus M2-GMI) were first 
calculated at every latitude and level and averaged over three years before (Δbefore) and three 
years after the discontinuity (Δafter). The reanalyses were then bias corrected by subtracting 
the difference Δ = Δafter - Δbefore in the period following the discontinuity. This correction was 
applied to MERRA-2 and GEOS-RIPT at the observing system changes described in 
Section 2.1. Figure S1 illustrates the procedure and shows the uncorrected (yellow circles) 
and corrected (purple lines) MERRA-2 ozone at 70 hP averaged in two latitude bands. The 
orange lines are the Δbefore and Δafter differences. No evidence of remaining discontinuities is 
seen in the purple lines (panels c and d). 
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Additional figures 
 

 
Figure S2. Zonally and annually averaged ozone (contours) and ozone trends (colors) as a 
function of latitude and height above the tropopause derived from MERRA-2 between 1998 
and 2016. The panels show the results for the consecutive calendar months. Ozone is shown 
in DU km-1 and the trends in DU km-1 decade-1. Locations where the trend is not significant 
at the 2-sigma level are marked by ‘X’. 
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Figure S3. Trend in zonally averaged M2-GMI tracer st80_25 (colors) and zonal mean 
st80_25 mixing ratio (contours) as a function of latitude and pressure. Stippling indicates 
the regions where the trends are not significant at 95%. 
 
 


